Farm-scale testing of soybean peroxidase and calcium peroxide for surficial swine manure treatment and mitigation of odorous VOCs, ammonia and hydrogen sulfide emissions , equivalent of~0.8% of the pig market price.
Introduction
Emissions of odor, volatile organic compounds (VOCs), ammonia (NH 3 ), hydrogen sulfide (H 2 S) and greenhouse gases (GHGs) (CH 4 , N 2 O and CO 2 ) are a side effect of pork production. Gaseous emissions originate from animal housing, manure storage, treatment, and handling, and from land application of manure. Mitigation of these emissions is of importance due to their effect on local and regional air quality and their association with climate change.
There has been considerable research in the past two decades to quantify and mitigate gaseous emissions from swine farms (Van Huffel et al., 2016; Philippe and Nicks, 2015; Cai et al., 2015; Chen et al., 2009; Sun et al., 2008b; Hoff et al., 2006) , poultry farms Heber et al., 2006; Rockafellow et al., 2012) ; dairy farms (Sun et al., 2008a) ; and beef cattle feedyards (Parker et al., 2005 (Parker et al., , 2016b . Maurer et al. (2016) recently summarized the state of emission mitigation measures for livestock and poultry in a scientific literature database on the Iowa State University (ISU) Extension and Outreach website (Air Management Practices Assessment Tool; AMPAT). AMPAT is a user-friendly website that aims to provide an objective overview of best management practices to address odor, emissions and dust at livestock operations (Iowa State University Extension and Outreach, 2016a). Manure treatment is one of 12 technologies that has been researched for the control of odors from manure storage and handling. However, most of the previous manure treatment research has been limited to labor pilot-scale testing. Field/farm-scale trials were conducted in less than~25% of the research. Unfortunately, none of the reported research projects provided a comprehensive data for all gases of interest. This is important, because emissions reduction of one target pollutant can sometimes result in increased emissions of other important target pollutants (e.g., NH 3 vs. N 2 O). Thus, it is important to perform comprehensive testing of mitigation technologies using farm-scale trials.
Researchers have shown that peroxidase-based treatment can reduce some odorous phenolic and indolic compounds in lab-or pilot-scale studies (Morawski et al., 2001; Tonegawa et al., 2003; Ye et al., 2009; Parker et al., 2012 Parker et al., , 2016a Steevensz et al., 2014) . Soybean peroxidase is a bio-based, value-added product that is produced by grinding soybean hulls, a low value and low utility byproduct. The swine industry uses soybeans as a key ingredient of animal feed, thus minimizing any concerns about adding a soybean-based product to the manure.
Most recently, as a follow-up to lab-scale testing, Maurer et al. (2017a) investigated the efficacy of surficial application of SBP/ CaO 2 to swine manure on gaseous emissions of odorous volatile VOCs, NH 3 , H 2 S and GHG in pilot-scale experiments. Effects of dose and time were studied over the 137 day trial. Maurer et al. (2017a) reported significant reductions in emissions for DMDS/MT (36.2%e 84.7%), p-cresol (53.1%e89.5%), skatole (63.2%e92.5%) and NH 3 (14.6%e67.6%). Significant increases in CH 4 (32.7%e232%) and CO 2 (20.8%e124%) emissions were observed. The key finding from the pilot-scale experiment (Maurer et al., 2017a) was that an SBP/CaO 2 dose of 2.28 kg m À2 performed as well as higher doses. Thus, this 2.28 kg m À2 SBP/CaO 2 dose was selected for this farm-scale trial because of the economical and practical application aspects. This study aimed to evaluate the farm-scale efficacy of SBP/CaO 2 surficial treatment on finisher pig manure emissions over a 42-day evaluation period. This study follows the lab-pilot-farm-scales progression of testing for a promising emissions mitigation technology. The farm-scale experiment addresses an important deficiency in controlled lab-scale and pilot scale studies, i.e. the effects of growing animals. Some of these effects include the presence of other emitting sources (e.g. breathing and excreting animals, manure on slatted floor, feed); the continuous and increasing resupply of fresh manure into the deep storage pit below the slatted floor; and variations of ventilation rate, inlet and barn setpoint air temperatures and relative humidity (RH), phased animal diet, and waste management practices. The pork industry typically requires proven farm-scale mitigation technologies and their economic evaluations prior to adoption.
Materials and methods

Experimental design
Farm-scale testing was conducted at the Iowa State University Allen E. Christian Swine Teaching Farm. The research was conducted in two adjacent rooms within a single confinement barn. Each room housed 89 pigs ( Fig. 1 and Fig. S1 , Supplementary Material). The shallow manure pit (11 m ✕ 11 m ✕ 0.61 m depth) in one room was used as the control, and an identical manure pit in the other room was treated with surficial application of SBP at a treatment (TRT) of 2.28 kg m À2 with 4.2% CaO 2 /SBP by weight (Figs. S2 and S3) . The application resulted in a 6 mm thick layer of SPB/CaO 2 on the surface of the pit (Fig. S4 ). The SBP was produced from ground soybean hulls (Bio-Research Products, Inc. North Liberty, IA, USA). The manure pit was treated once at the start of the experiment. The SBP/CaO 2 was premixed and manually applied through 2 cm gaps in the fully-slatted floor using a special funnel device. Gas samples were collected directly from the primary exhaust fan in each room ( Fig. 1 and S5 ). Initially, emissions data was collected for 14 d prior to SBP/CaO 2 application to establish baseline gas emissions from TRT and control rooms. Then, emissions data was collected for 42 d after SBP/CaO 2 application, for a total experiment duration of 56 d (VOCs were only monitored for a total of 50 d). The experiment was conducted in the winter, when outside temperatures ranged from À11 to 18 C. Inside temperatures were maintained at 14 to 22 C. Each room was 100% mechanically ventilated. Only a primary ventilation fan (the only emissions exhaust point during the trial period) in each room was operating resulting in~5.4 air exchanges per h during sampling. Barn ventilation airflow rate was determined using airflow calibration for the primary ventilation fan in each room (Fig. S6) . Measurement of NH 3 and H 2 S concentrations, temperature and RH were conducted in real-time. Gas samples for GHGs and odorous VOCs were collected and subsequently analyzed in the lab. Emission rates were calculated as a product of measured gas concentrations and the total airflow rate through each room, adjusted for standard conditions and dry air. Environmental data was collected along with manure for quality evaluation (manure was collected before SBP/CaO 2 application, immediately after SBP/CaO 2 application, and again at the end of the study). Ammonia, H 2 S and RH were measured every other day after SBP/CaO 2 application. Percent RH was monitored via an 850071 Environmental Quality meter (Sper Scientific, Scottsdale, AZ, USA). Methane, CO 2 and N 2 O were measured every other day after SBP/CaO 2 application. VOC measurements were collected on n ¼ 19 d over the 42 day monitoring after the SBP/CaO 2 application. Pig weights were monitored throughout the trial.
Volatile organic compounds (VOCs)
Air samples for VOC measurement were collected using 65 mg Tenax TA sorbent tubes (4 mm O.D. 0.10 m long) constructed of 304-grade stainless steel that had been double passivated with a proprietary surface-coating process. Field air samples were taken using a portable vacuum sampling pump with a set flow rate of 50 mL min À1 for 15 min, and analyzed within two days. The sampling flow rates were verified with a NIST-traceable digital flow meter (Bios International, Butler, NJ, USA). Chemical analyses of swine odorants were completed using a thermal desorption gas chromatography -mass spectrometer (TD-GCeMS) system (Agilent 6890 GC; Microanalytics, Round Rock, TX, USA) using procedures previously described (Zhang et al., 2012; Cai et al., 2015) . Work by Andersen et al. (2012) has shown that thermal desorption of sorbent tubes can convert methanethiol (MT) to dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS). Because of the difficulty in determining the extent of that conversion with field air samples, we conducted additional laboratory testing to determine the potential extent of MT to DMDS/DMTS conversion (Cai et al., 2015) . We determined that complete conversion of MT to DMDS (97.5e99.5%) and DMTS (0.5e2.5%) was possible for moist standard gas stored on sorbent tubes from 1 to 3 d. Therefore, these compounds are reported as DMDS/MT and DMTS/MT in this manuscript. 
Ammonia and hydrogen sulfide
Ammonia and H 2 S concentrations were measured using a Drager X-am 5600 portable gas analyzer (Luebeck, Germany) with NH 3 and low range H 2 S XS sensors. The analyzer was calibrated using Drager calibration software, an Environics 4040 gas dilution system (Tolland, CT, USA) and standard gases (Praxair, Ames, IA, USA) (NH 3 : 102 ppm and H 2 S: 15.6 ppm).
Greenhouse gases
Gas samples were collected via syringe and 5.9 mL Exetainer vials (Labco Limited, UK) and were analyzed for GHG concentrations on a GHG GC equipped with FID and ECD detectors (SRI Instruments, Torrance, CA, USA). Gas method detection limits were 1.99 ppm, 170 ppb, and 20.7 ppb for CO 2 , CH 4 and N 2 O, respectively. Standard calibrations were constructed daily using 2 ppm and 10.3 ppm CH 4 ; 510 ppm, 1010 ppm and 2010 ppm CO 2 ; and 0.101 ppm, 1.02 ppm and 10.1 ppm N 2 O (Air Liquide America, Plumsteadville, PA, USA). Standards used for calibrations were done in duplicate for CH 4 and CO 2 while N 2 O standards were done in triplicate.
Swine manure analysis
Swine manure analyses were completed as described in Maurer et al. (2017a,b) using standard methods described in AOAC (2000) and APHA (1998). Total C, H, N, and S were determined using a PE 2100 Series II combustion analyzer (Perkin Elmer Inc. Waltham, MA) with a cysteine calibration standard and an expected precision and accuracy of ± 0.3% for each element. The combustion and reduction temperatures were both 975 C. All standards and reagents were from Perkin Elmer and Elementar America's Inc.
Gas emissions
Measured gas concentrations were used for estimation of gas emissions from each room (mass time À1 ) and also for estimation of gas emissions expressed as a flux (mass time À1 per surface area of manure in the pit under slatted floor). Gas emissions then were calculated using Eq. (1):
where: Estd is standardized emissions in ng/h. Qair std is the standardized air flow rate (mL h 1 ) from Eq. S(4), C std is the standardized concentration (mg mL À1 ) from Eq. S(9).
Gas emissions of all measured gases were normalized to account for the differences observed during the baseline measurements completed prior to SBP/CaO 2 application. The normalization was made by adding the average daily difference between the rooms of the two weeks prior to SBP/CaO 2 TRT to the emissions from the control room:
where: E norm is the normalized flux estimate of the control room, E tb is the average daily flux estimate for the treated room before SBP/ CaO 2 application (first 14 d), E cb is the average daily flux estimate for the control room before SBP/CaO 2 application (first 14 d), and E ca is each daily flux estimate for the control room over the entire trial.
Overall mean % reduction for each measured gas was estimated using all measured flux for either "Before" or "After" period. "Before SBP/CaO 2 application" represent the 2-week period of baseline testing while "After SBP/CaO 2 application" represent the first 42 d post TRT application:
where: %R is the % of reduction, E Con is the average flux estimate of the desired time interval (day, week, biweek or overall) of the control, and E Treat is the average flux estimate of the desired time interval (day, week, biweek or overall) of the treated.
Statistical analyses
An autoregressive like model using a spatial power option in PROC MIXED, in SAS System (version 9.4, SAS Institute, Inc. Cary, NC, USA) accounting for the repeated measures on each room across time was used to analyze the data by comparing mean flux values to determine the p values, p < 0.05 was used as the significance level.
Results
Temporal changes in SBP/CaO 2 surficial coverage
The 6 mm surface layer of SBP/CaO 2 floated on the surface after application but was incorporated into the manure over time as new feces, urine, water, and spilled feed entered the pit. The incorporation was not consistent across the entire pit surface. The SBP/CaO 2 was incorporated sooner near the waterers and feeders, as well as in the localized areas where the pigs defecated. In other areas of the room where pigs were cleaner, including the alley way which received little pig traffic, the SBP/CaO 2 was incorporated slowly over several weeks, similar to what was observed in the former pilot-scale experiment (Maurer et al., 2017a) .
Environmental parameters
Over the course of the farm-scale trial the measured temperature in the control room and the SBP/CaO 2 treated room ranged from 15.1 to 21.1 C and 14.1 to 21.8 C respectively. The trial started mid-October and ended mid-December resulting in lower room temperatures later in the trial (Fig. S7 ). There was no significant difference in the temperature between the control and SBP/CaO 2 treated rooms (p ¼ 0.4643). The RH measured in each room also was not significantly different after (p ¼ 0.1995) the SBP/CaO 2 TRT was applied. The RH of the control and SBP/CaO 2 treated rooms ranged from 59 to 100% and 50e100%, respectively (Fig. S8 ). The atmospheric pressure was recorded over the course of the trial (Fig. S9 ). The total weight of growing pigs (expressed in animal unit (A.U.) equivalents defined here as total pigs weight in kg divided by 500 kg) ranged from 9.41 A.U. (treated room) and 9.31 A.U. (control room) on day nine to 20.44 A.U. for both rooms on day 58 before the hogs began to be sold for market (Fig. S10 ).
Volatile organic compounds
Reductions in the emissions of odorous volatile fatty acids were statistically significant and were 37.2% (p ¼ 0.0012), 47.7% (p < 0.0001) and 39.3% (p ¼ 0.0004) for n-butyric acid, valeric acid and isovaleric acid, respectively ( Fig. 2A, B, C) . However, all VFAs fluxes were not reduced below a calculated odor detection threshold with exception of one day for valeric acid and isovaleric acid.
Reductions of odorous indole and skatole were both statistically significant with reductions of 31.2% (p ¼ 0.0017) and 43.5% (p < 0.0001) respectively ( Fig. 2D and E) . However, the SBP/CaO 2 TRT did not reduce indole concentrations below that of the calculated odor detection threshold of for any of the observed days. The SBP/CaO 2 TRT reduced the concentration of skatole below its calculated odor detection threshold for two days. Emissions of pcresol were also reduced by 14.4% but were not statistically significant (p ¼ 0.34) ( Table 1 and Fig. 2F ). There were no observed days of p-cresol flux below the calculated odor detection threshold in either the control or treated rooms.
Similarly, no statistical difference was observed for DMTS/MT emissions (p ¼ 0.98) (Fig. 3A) . DMDS/MT flux from the SBP/CaO 2 treated room were also not significantly different (p ¼ 0.94) compared to that of the control room (Fig. 3B) . The DMDS/MT flux estimates for the control and SBP/CaO 2 treated rooms were both below the calculated odor detection threshold over the entire trial period. Mean measured gas concentrations of SBP/CaCO 2 treated room after TRT are summarized in Table S1 .
Ammonia and hydrogen sulfide
There was an overall statistically significant reduction of 21.7% (p ¼ 0.0172) in NH 3 flux after the SBP/CaO 2 TRT (Fig. 4A) , with two days below the calculated odor reduction threshold in the treated room. The SBP/CaO 2 TRT resulted in an overall statistically significant reduction of 79.7% (p < 0.0001) in H 2 S and a significant reduction (p 0.0001) for every sampling period over the 42 d after application ranging from 42.0% to 99.5% (Fig. 4B) . The H 2 S emissions were mitigated to below odor threshold in the treated room on 56% of the observed days. The reduction of H 2 S is important because of toxicity risks associated with the inhalation of H 2 S by workers and pigs in swine barns.
Greenhouse gases
There were no statistically significant differences in estimated flux for CH 4 (p ¼ 0.23), CO 2 (p ¼ 0.30) and N 2 O (p ¼ 0.07) among the TRT (Fig. 5) . The overall mean CH 4 fluxes were 304 ± 59 mg h À1 m
À2
and 285 ± 97 mg h À1 m À2 for the control and treated room, respectively. The mean CH 4 concentrations were 23.5 ± 7.5 ppm and 23.9 ± 4.7 ppm for the control and treated room, respectively. The overall mean CO 2 fluxes were 83,790 ± 12,746 mg h À1 m À2 and 81,284 ± 17,492 mg h À1 m À2 for the control and treated room, respectively. The mean CO 2 concentrations were 2346 ± 461 ppm and 2533 ± 394 ppm for the control and treated room, respectively. The overall mean N 2 O fluxes were 12.8 ± 2.1 mg h À1 m À2 and 11.6 ± 2.5 mg h À1 m À2 for the control and treated room, respectively. The mean N 2 O concentrations were 0.4 ± 0.1 ppm and 0.3 ± 0.1 ppm for the control and treated room, respectively.
Manure analysis
The manure from the treated room accumulated TKN at a faster rate (34.8 mg
( Fig. S11) . Total NH 3 -N losses were 30.4 kg from the control room and 27.6 kg from the treated room. Total N 2 O-N losses were 0.843 kg from the control room and 1.17 kg from the treated room (Table 2 ). The pH of the manure in both rooms increased during the 14-day baseline measurements, before the SBP/CaO 2 TRT was applied. After the SBP/CaO 2 application, the pH of the control room manure continued to increase over the next 42 d while the pH of the treated room decreased (Fig. S12) .
Discussion
Comparison with pilot and lab-scale experiments
In general, mitigating effect trends of SBP/CaO 2 were similar at the farm-and pilot-scales when the first 42 d following SBP/CaO 2 application were compared (Table 1 ). The pilot-scale and the farmscale flux estimates for the 2.28 kg m À2 SBP/CaO 2 dose resulted in reductions of n-butyric acid, valeric acid, isovaleric acid, indole and NH 3 , respectively, all statistically significant at the farm-scale but not at the pilot-scale (Maurer et al., 2017a) at the same SBP/CaO 2 dose and time (Table 1) . Reductions in VFAs were also observed in shorter (i.e., 14 day and 2 day) lab-scale trials with the use of SBP/ CaO 2 , while increases in indole were observed (Parker et al., , 2016a . Ammonia was not measured at the lab-scale reported in Parker et al. (2012 Parker et al. ( , 2016a . Skatole emissions were significantly reduced by the 2.28 kg m À2 SBP/CaO 2 in both the farm-scale and pilot-scale (Maurer et al., 2017a ) trials over similar time periods. Reductions were also observed as a result of SBP/CaO 2 TRT in Parker et al. (2012 Parker et al. ( , 2016a for skatole. The 2.28 kg m À2 SBP/CaO 2 treatment did not result in significant reduction in p-cresol emissions at the farm-scale as was observed at pilot- (Maurer et al., 2017a) and labscales (Parker et al., , 2016a . Closer inspection of data shows that the mitigating effect for p-cresol does not last as long as for the other compounds, as there was a significant 26% (p ¼ 0.03) reduction in the first 14 d but only 14% for the entire 42 d period. Similar, lower % reduction with time was also observed for skatole and indole. Maurer et al. (2017a) reported the same type of diminishing mitigation effect for phenolics with time (Table 1 ) while previous lab-scale studies (Parker et al., , 2016a did not test the effect of time beyond 14 d.
Flux estimates for sulfur containing compounds were drastically different between the pilot-scale (Maurer et al., 2017a ) and the farm-scale. Flux estimates at the pilot-scale (Maurer et al., 2017a) showed an increase in H 2 S and a reduction in DMDS/MT, while the farm-scale resulted in reduction of H 2 S and no significant effect on DMDS/MT. Parker et al. (2016a) reported an overall increase in sulfides resulting from SBP/CaO 2 application. The true nature of Scontaining gas generation is obviously complicated and should be researched further. These observations illustrate the delicate balance of chemical and microbial processes that are at work in a complex system such as a manure pit. The GHGs, CO 2 and CH 4 , also showed differences between pilotand farm-scale. The pilot-scale (Maurer et al., 2017a) resulted in significant increases in CO 2 and non-significant increases in CH 4 , most likely due to the oxidation byproducts of VOCs as a result of the SBP/CaO 2 application, while at the farm-scale significant increases were not observed. This observation of CO 2 and CH 4 not increasing on the farm-scale was most likely due to the contribution of other sources (e.g., pig respiration, flatulence, eructation, feed and barn heating) that were present on the farm-scale which might have 'overwhelmed' any possible increases in GHG emissions from the manure.
SBP modes of action
There are several modes of action (physical, chemical and biological) in which SBP/CaO 2 application could be contributing to reduce emissions from swine manure. The physical mode of action of the SBP/CaCO 2 was the act of covering the manure surface, creating a permeable cover or crust interfering with the mass transfer of gases from the manure to the headspace. This is similar to the use of Leca ® balls as demonstrated by Balsari et al. (2006) .
Once the SBP/CaO 2 was saturated and incorporated into the manure, it possibly facilitated the formation of a crust on the manure in less-disturbed areas of the pit. The crust can be also a source of biological activity where bacterial populations utilizing gases emitted from manure develop. Govere et al. (2007) and Ye et al. (2009) discuss an increase in pH following the application of horseradish peroxidase and CaO 2 to swine slurry due to CaO 2 . A rise in pH of the manure was not observed in this study due to the CaO 2 in the SBP/CaO 2 TRT, in fact the SBP/CaO 2 application reduced the pH of the manure. This reduction of the pH of the manure is likely due to the oxidation of organic compounds resulting from the SBP/CaO 2 TRT outweighing the initial pH increase of the CaO 2 reacting with H 2 O. The reduction in pH resulting from SBP/CaO 2 also was observed at the pilot-scale (Maurer et al., 2017a) with the trend of higher SBP/CaO 2 doses resulting lower pH of the manure. This pH reduction is a possible mode of action in reducing NH 3 emissions (Ottosen et al., 2009; Dai and Blanes-Vidal, 2013; Kai et al., 2008) .
The last possible (chemical) mode of action of the SBP/CaO 2 application is enzymatic oxidation. Enzymatic oxidation has been shown to polymerize phenolic and indolic compounds (Tonegawa et al., 2003) and to a lesser extent VFAs (Govere et al., 2005) . The enzymatic oxidation mode renders VOCs less volatile and/or less offensively odorous. The CaO 2 may also react and oxidize compounds in the manure slurry. In summary, there is still need to conduct in-depth studies aiming to understand the actual complementary/synergistic effects of aforementioned modes of SBP/ CaO 2 TRT.
SBP treatment cost and effectiveness compared to other treatments in the literature
Overall, the cost estimate of the SBP/CaO 2 TRT ($1.45 per marketed pig, 0.8% price of a marketed pig; material only) was at the lower range of prices reported for comparable products which had a mean cost of $4.28 ± $5.80 (ranging from $0.01 to $18.2 per marketed pig for materials only) ( Table 3 ). The cost of CaO 2 catalyst was~60% of materials cost. The cost of soybean hulls was $0.60 per marketed pig, i.e., only 40% of materials cost. Labor cost is highly variable and in U.S. Midwest conditions the total cost estimate with labor included is $2.62 per marketed pig (1.5% price of marketed pig). (Maurer et al., 2017a) .
Labor cost involved in mixing and application could vary greatly depending on method of application and local labor costs. Based on the application approach of mixing and adding the TRT through the slats by hand, the labor cost (2014 price benchmarking) was $1.17 per marketed pig, 0.7% price of a marketed pig (8 man-hours and $13 h À1 ). Thus, the estimated total cost (material plus labor) was $2.62 per marketed pig, which is about 1.5% of the price of a marketed pig. Larger commercial facilities could consider using external-to-barn pit access wells for a premixed SPB/CaO 2 application using a powered spreader. Eliminating the need to apply additives through the slats inside the barn could possibly lower the application cost, and would lower biosecurity risks as well, an important consideration for the swine industry. Using the same assumptions, the estimated cost was $2.19 pig space À1 year À1 of the (material only) and $3.95 pig space À1 year À1 when the cost of labor was included. Similarly, the estimated cost per barn area was $2.96 m À2 year À1 (material only) and $5.34 m À2 year À1 when the cost of labor was included (2014 price benchmarking). The SBP/CaO 2 TRT resulted in a more comprehensive mitigation of greater number of gases of concern for swine industry. Heber et al. (2000) studied the effects of Alliance treatment developed by Monsanto during a 6 month study. Alliance treatment, a proprietary mix of surfactants, neodol, glyoxal, copper sulfate, and water was sprayed onto manure pit surface every 4 h for 4 min at a time, resulting in 20% dilution of fresh manure. Heber et al. (2000) Kai et al., 2008 Farm Sulfuric Acid
Pilot Na-nitrile and Namolybdate reported 24% reduction in NH 3 emissions and no significant difference in H 2 S emissions. Moreno et al. (2010) studied the effect of molybdate treatment on H 2 S, NH 3 and CO 2 emissions from swine manure due to microbial inhibition. These tests were conducted in two chamber rooms housing 8 pigs each. The sodium molybdate was sprayed and raked over to mix with manure. Gas concentrations were measured during manure agitation on day 28 and 48 post application at the pit, animal and human breathing zone level. Moreno et al. reported approximate 79e97% reduction in H 2 S in pit headspace on days 28, and 48 respectively. Mean percent reduction, 89% is reported in Table 3 . No statistically significant difference in NH 3 and CO 2 concentrations was measured. Balsari et al. (2006) reported 73e87% reduction of NH 3 emissions from open swine slurry storage tank (300 m 3 ,~80,000 gal capacity) with the use of 0.1 m layer of Leca (extruded clay) floating balls. Four measurement trials, each lasting 6 d per season, were made over 1 year period. The mean of the lowest, wintertime (73%) to highest summertime (87%) NH 3 emissions reduction, i.e., 80% is reported in Table 3 . Heber et al. (2001) reported concentrations of NH 3 and H 2 S in headspace of 35 manure additives. The tests were done on pilotscale over 42 d with three replications of each, with samples taken over 4 h period on a weekly bases. All additives were added with no pH adjustments or agitation. Concentrations of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid, phenol, p-cresol, indole and skatole in manure were also monitored. Statistically significant reductions in headspace concentrations were observed for 7 and 8 of the additives for H 2 S and NH 3 respectively. Maurer et al. (2017b) reported a reduction in NH 3 emissions of 13e23% resulting from the use of non-activated biochar at pilotscale over a one-month period. Concentrations of H 2 S, DMDS/MT, DMTS/MT, n-butyric acid, isovaleric acid, valeric acid, p-cresol, indole, skatole, CH 4 , CO 2 and N 2 O in manure were also monitored. Methane emissions were increased as a result of the treatment, while the remaining monitored gases were not significantly between the control and treated groups.
There are several publications reporting swine manure treatments discussed below however, no cost of treatment was reported. Ye et al. (2009) reported 32e54% and 28e41% reduction in indolic compounds and volatile fatty acids (VFAs), respectively and nearly 100% reduction in p-cresol from 21 L bucket trials on swine manure treated with surficially applied horseradish peroxidase and peroxides. Reductions in volatiles were determined by concentration in the manure over a 72 h period. Portejoie et al. (2003) reported a 93% and 92% reduction in NH 3 emissions from 5 kg scale trails over 15 d with surficial application of kitchen oil and peat, respectively on swine manure. There were other additives reported in the literature but the effectiveness and general practicality of employing these additives was not to the point of real world use, and so were not included for comparison.
Conclusions
This study concludes the lab-pilot-farm-scales progression of testing for a promising gas emissions mitigation technology, i.e., optimizing the effects of time and TRT dose, broadening the array of key gases to be measured, while keeping in mind the practical application constraints and cost. In this farm-scale study, we observed significant reductions in NH 3 (21.7%), H 2 S (79.7%), nbutyric acid (37.2%), valeric acid (47.7%), isovaleric acid (39.3%), indole (31.2%), and skatole (43.5%) emissions. The SBP/CaO 2 TRT had no effect on DMDS/MT, CO 2 , CH 4 and N 2 O emissions. Emissions of p-cresol were reduced, however, without significant difference. a: mode of action of the additive, C: chemical, B: biological, P: physical. b: VFAs reported in this study were; acetic acid, propanoic acid, butanoic acid. c: VFAs measured in the study were; acetic acid, propionic acid and butyric acid. d: publication reductions were in categories: VFAs (isobutyric acid, isocaproic acid, isovaleric acid), phenolics (phenol and p-cresol), indolics (indole and skatole) and values are also determined in the manure not the headspace. e: n-butyric acid, n-caproic acid, isobutyric acid, isocaproic acid, isovaleric acid, propionic acid and n-valeric acid. f: phenol, p-cresol and p-ethylphenol. The SBP/CaO 2 TRT resulted in a more comprehensive mitigation of key gases of concern for the swine industry compared to other studies in published literature. The total TRT cost was equivalent to 1.5% (0.8% materials and 0.7% labor) of the pig market price, i.e., $2.62 per marketed pig ($1.45 pig À1 in materials and $1.17 pig À1 in labor). The cost of CaO 2 catalyst was~60% of materials cost. The cost of soybean hulls (SBP source) was $0.60 per marketed pig, i.e., only 40% of materials cost.
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